The homogeneous hydroformylation of 1-pentene under synthesis gas experimental conditions was studied using Wilkinson's catalyst and Co 2 (CO) 8 modified by different triarylstibines. The stibine ligands SbR 3 (where R = 2,4,6-mesityl, p-tolyl and o-tolyl), have been tested with Wilkinson's catalyst and Co 2 (CO) 8 These catalysts have also been studied separately with PPh 3 for comparison, under the same hydroformylation conditions. It is interesting to note that 1:1 addition of these stibine ligands to the catalysts, extraordinarily increases the yields of aldehydes with appreciable n:iso ratio. The maximum yield of aldehydes obtained were 98.6% with n/iso = 2.4 when RhCl(PPh 3 ) 3 + trimesityl stibine system was used and 85.0% with n/iso = 3.4 when Co 2 (CO) 8 + trimesityl stibine system was studied.
Introduction
Modern hydroformylation research focuses almost exclusively on the Co, Rh and Pt metals although considerable efforts also went into Ru catalysts. The generally accepted order of hydroformylation activity with regard to central atom is as Rh» Co> Ru [1] [2] [3] . Today the main activities of hydroformylation research are in the fields of ligand syntheses and modified catalysts [4] .
There are number of reports available on the modification of Rh and Co catalyst by different phosphine ligands, however there exist a few reports on the modification of these catalysts with stibine ligands [5] [6] [7] [8] , In view of scanty reports on the modification of Rh and Co catalysts with antimony ligands in hydroformylation reactions, this work is undertaken. The paper presents modification of Wilkinson's catalyst and Co 2 (CO) 8 catalyst with different stibines in the hydroformylation of 1-pentene.
Experimental Materials
All the solvents used were purified, dried and deoxygenated. Co 2 (CO) 8 and RhCl(PPh 3 ) 3 (Wilkinson's Catalyst) were purchased from Strem Chemicals Company. 1-Pentene, PPh 3 , SbCl 3 , were obtained from Aldrich. CO, H 2 were obtained from Matheson and Aga Gas Inc., respectively and used without further purification. The ligands tri(o-tolyl)stibine, tri(p-tolyl)stibine and tri(2,4,6-mesityl)stibine were prepared according to a standard procedure [9] [10] ,
Measurements
The reaction products were analyzed on a JEOL JMS-AX505 HA GC-MS equipment with a 25m χ 10.3mm glass column packed with 5% phenylsilicone and compared with pure Aldrich samples, quantified by GC using hexane as an internal standard (added after the reaction just before to be analyzed) in a Hewlett Packard 5890 analyzer with a 20m χ 0.2mm glass column packed with Carbowax 20m. The 3I P NMR spectra were obtained on a Varian Unity 300MHz spectrometer using H 3 P0 4 as external reference in CDC1 3 as solvent at 25 °C. The IR spectra were obtained by using Nicolet FTIR Magna 750 spectrometer.
General Catalytic procedure
In a Schlenck tube, 9.143xl0' 5 mol of catalyst [Co 2 (CO) 8 or RhCl(PPh 3 ) 3 ] and 9.143xl0" 5 mol of ligand (1:1 molar ratio) were dissolved in 4 ml of benzene. This mixture was stirred for three minutes and 9.143X10° mol of 1-pentene was added. The solution was transferred through a syringe to a stainless steel reactor previously closed and purged 2 or 3 times with CO. After this the pressure reactor was taken until the desired pressure (800 psig CO/H 2 , 1:1) and warmed in an oil bath at 100°C for 4 h., at the end of this time, the reactor was cooled, (final pressure was 650 psig) the gases were liberated. The solution was percholated through a column packed with alumina and the resulting yellow solution was analyzed using After four hours of reaction, using Wilkinson's catalyst under synthesis gas conditions, in benzene, yielded a maximum of 62% of aldehydes. The curve shows an induction time of 40 minutes which suggests that the reaction is very slow during the first hour and a total of 15% aldehydes were obtained with a n/iso ratio equals to 1. This reaction speeds up thereafter and gave 54% of aldehyde conversion. When PPh 3 was used in molar ratio of 1:1, to modify the catalyst, aldehyde formation lowers down to approximately half in the first hour. The Wilkinson's catalyst + triphenylphosphine system shows better regioselectivity which has been already explained earlier in literature [11] [12] . 
Fig. 1: % Conversion to aldehyde vs time for Wilkinson's Catalys with different ligands
It is interesting to note, that on equimolar addition of the stibine ligands SbR 3 (where R = 2,4,6-mesityl, p-tolyl and o-tolyl) to Wilkinson's catalyst, significantly increase the total aldehyde formation, with a good n/iso ratio. Reactions using these stibine ligands do not show an induction period. The RhCl(PPh 3 ) 3 + trimesityl stibine system is so active that in 45 minutes 30% of aldehyde formation takes place (by extrapolation). Using this system, a maximum total yield 98.6% of aldehydes were obtained with n/iso = 2.4.
Similar trends were observed ( Figure 2 ) when these ligands were used with Co 2 (CO) 8 . When octacarbonyldicobalt was used as a catalytic precursor in hydroformylation of 1-pentene 51.5% of total aldehyde yields were obtained after 4 hrs of reaction. It is reported in literature, that the addition of PPh 3 with Co 2 (CO) 8 , in situ, forms a less active specie, which decreases the aldehyde synthesis [13] [14] . A similar trend was observed for the hydroformylation of 1-pentene in these experiments. However, surprisingly, when stibineswere added to Co 2 (CO) 8 , in a 1:1 ratio, higher aldehydes conversion were observed except for Co 2 (CO) 8 + tri(p-tolyl)stibine system. The dicobaltoctacarbonyl + trimesityl stibine system gives a total of 85% conversion of 1-pentene to aldehyde with a good n/iso ratio e.g. 3.4. The n/iso ratio obtained in the same conditions with the systems RhCl(PPh 3 ) 3 and Co 2 (CO) 8 without the addition of stibine ligands was 1.8 and 2.2 respectively.
On comparing the catalyic precursors viz. RhCI(PPh 3 ) 3 + trimesityl stibine, RhCl(PPh 3 ) 3 + tri(otolyl)stibine and RhCl(PPh 3 ) 3 + tri(p-tolyl)stibine, it was observed that the cataltyic activity is decreases in order trimesityl stibine > tri(o-tolyl)stibine > tri(p-tolyl)stibine. It is known that the ligand basicity influences the catalytic activity which decreases with increase of basicity of ligand [13] [14] [15] , In this work, only on the basis of the basicity of ligands, one would expect a reverse trend for the catalytic activity of these systems. Recently Wendt et. al., reported [16] [17] that the kinetic trans-effect of ligands decreases in the following order: C 2 H 4 > SbPh 3 >CO>P(OMe) 3 >PPh 3 >AsEt 3 . 8 
Catalyst with different ligands
The authors concluded that the better (-acceptor character of stibine is responsible for its important trans effect. It is also known that the homogeneously catalyzed hydroformylation process (Rh and Co) usually involves several dissociative steps [16, 17] . The trans effect of these stibine ligands may be responsible for the enhancement of exchange of ligands, according to the following reaction: [18, 19] were observed which suggests the CO-stibine ligand interchange. 1-pentene 9.14 mmol; Co2(CO)g 9.14xl0" 2 mmol; benzene 4 mL, 800 psig CO/H2 1:1, temperature 100°C. 4 h. Fig. 3 shows that for Wilkinson's catalyst + trimesitylstibine precursor, as the ligandxatalyst molar ratio increases the total aldehyde formation decreases. The maximum formation of aldehyde takes place at Rh:Sb ratio of 1, with a regioselectivity of 2.4. When Sb:Rh ratio increases, the conversion of olefins to aldehydes decreases significantly with a very marginal change in selectivity. In the case of dicobaltoctacarbonyl + trimesityl stibine system as the Sb:Co increases the total aldehyde production as well as selectivity decreases significantly (Fig. 4) .
In the reported cases of phosphine modified Wilkinson's catalyst and Co 2 (CO) 8 , as the selectivity increases a decrease in the reaction speed is observed [15] . 100-,
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Fig. 4: Aldehydes % vs Co 2 (COV(tri-2,4,6-mesityl)stibine TMS ratio
It can be seen from Fig. 5 and Fig. 6 that in the case of Wilkinson's catalyst + trimesitylstibine system, percentage aldehyde formation was only slightly affected by increasing the CO pressure (up to 800 psig) at a constant H 2 pressure (400 psig) or by increasing the H 2 pressure at a constant CO pressure (400 psig). In this case we can conclude that the aldehyde formation is not dependent on CO and H 2 partial pressures. In the case of dicobaltoctacarbonyl + trimesitylstibine system (Fig. 7 and Fig. 8 ), an increase in CO or H 2 pressures from 200 to 400 psig, increases the total aldehyde formation with a slight increase in selectivity. 1-pentene 9.14 mmol; RhCl(PPh 3 ) 3 9.14xl0" 2 mmol; TMS 9.14x10" 2 mmol, benzene 4 mL, P co 400 psig, P H2 variable, temperature 100°C, 4 h. Further increment in CO and H 2 partial pressures decreases significantly the selectivity as well as the total aldehyde formation. It seems that at higher P C o, the displacement of the stibine in the complex by carbon monoxide is avoided (as it was previously observed in the case of phosphinic ligands [20] ) this is suggested by the observed n/iso ratio value which shows only little variation, however, when the pH 2 is increased we observed a progressive decreasing in the n/iso ratio value, which may be due to the existence of an equilibria similar to that previously shown for a crowded low basic ligand [21] Co2(CO) 6 L 2 + H 2 Z^T 2 HCO(CO) 3 • total aldehyde
• n-aldehyde τ iso-aldehyde 200 400 600
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• iso-aldehyde Finally, in order to have some criteria about the evolution of the catalytic species, we plotted the value of n/iso ratio vs total percentage aldehyde conversion [n + iso], these curves are shown in figs. 9 and 10. As we can see only in the case of Co 2 (CO) 8 /TMS a complex pathway is involved. This last suggests the existence of several cobalt species in the reaction media.
The present work deals with the modification of Wilkinson's catalyst and Co 2 (CO) 8 using different stibines for the hydroformylation of 1-pentene,. Among the three stibines used for modification, tri(2,4,6-mesityl)stibine modified catalysts show better activity with appreciable selectivity. The activity pattern 
